Molecular descriptors (including quantum chemical, topological and physicochemical descriptors) were calculated for five m-tolyl derivatives insecticides [namely, carbosulfan (CBS), carbofuran (CBF), isoprocab (IFP), methiocarb (MTC) and isocarbophos (ICP)]. Calculated quantum chemical parameters included the total energy, the electronic energy, the binding energy, the core-core repulsion energy, the heat of formation, the dipole moment and the frontier molecular orbital energies. All the calculated quantum chemical parameters (except dipole moment) exhibited strong correlation with the experimental LD 50 values of the studied insecticides (at various Hamiltonians). Calculated topological parameters included the molecular topological index (MTI), polar surface area (PSA), total connectivity (TC), total valence connectivity (TVC), Wiener index (WI), topological diameter (TD) and Balaban index (BI). However, only MTI, PSA, WI and BI exhibited excellent correlation with the toxicological activity of the insecticides. Also among all the calculated physicochemical parameters [logP, surface area (SA), surface volume (SV), hydration energy (E Hydr ), polarizability (PLZ) and refractivity (RFT)], only SV, E Hydr , PLZ and RFT were useful in establishing quantitative structure activity relationship (QSAR). Application of QSAR indicated that the calculated theoretical LD 50 values for the studied insecticides displayed excellent correlation with experimentally derived LD 50 values. However, best results were obtained from quantum chemical descriptors under modified neglect of atomic overlap (MNDO). The toxicity profile of the insecticides also correlated strongly with ionization energy, electron affinity, global softness and global harness. Reactive sites of each of the insecticides were established using Fukui function, Huckel charges and HOMO/LUMO diagrams. Six new molecules were proposed and their theoretical activities were estimated. The proposed molecules included 2-methyl-2-(methylthio)-2,3-dihydrobenzofuran-7-yl methylcarbamate, O-methyl O-2-((methylaminooxy)carbonyl)phenyl phosphoramidothioate, 2-((methylaminooxy)carbonyl)phenyl methylcarbamate, 2-(1-(methylthio)ethyl)phenyl methylcarbamate, N-methyl-O-(2-(methylthiooxy) benzoyl) hydroxyl amine and 4-methyl naphthalen-2-yl methylcarbamate. Some of the proposed molecules exhibited negative values of LD 50 (indicating extreme toxicity) while two of them exhibited values that are comparable to existing insecticides.
Introduction
Organic insecticides are widely use in homes, offices and other environment to reduce the health impact of insects by suppressing or terminating their life. All insecticides are toxic to some extent and their toxicity is measure by LD 50 values, which refers to the concentration that will terminate 50% of the target organism (Husarova and Ostatnikova 2013) . The general mode of action of insecticide is it suppressing effect on target organs when it comes in contact with it (Barbosa and Hastings 2012) .
Prior to contact with the target organism and after the contact, it is certain that there exist some molecular properties that will enhance or retard their action. Theoretical chemistry provides a framework through which the properties of molecules can be correlated with its activity through the use of suitable molecular descriptors. Some of the commonly used descriptors are quantum chemical descriptors (which include the frontier molecular energies, total and electronic energy of the molecule, core-core repulsion energy, heat of formation, binding energy, etc.), physicochemical descriptors (such as polarizability, logP, surface area, surface volume, hydration energy, refractivity, etc.) and topological descriptors (including total and valence connectivity indices, Wiener index, Balaban index, polar surface area and others). Quantitative structure activity relationship (QSAR) is useful in establishing the relationship between correlated molecular descriptors and the activity of the molecule. Several works on QSAR of some pesticides (including some insecticides) have been reported (Iwamura et al. 1985; Jian et al. 2014; Naik et al. 2009 Naik et al. , 2010 . However, most of the reported research works are centered on the use of single molecular descriptors and to the best of the knowledge of the author, literature is scanty on the use of quantum chemical, topological and physicochemical descriptors for QSAR study of m-tolyl acetate insecticides. Therefore, the present study is aimed at carrying out theoretical study in m-tolyl acetate insecticides through QSAR and related molecular descriptors. The work shall also propose new molecules (that are structurally related to the studied molecules) and their theoretical activities shall be estimated in order to assess the feasibility of their synthesis.
Materials and methods
The experimental LD 50 (dermal toxicity in rabbit) of the studied insecticides were obtained from insecticidal activity data base (Kard et al. 2014; Lorenz 2006) . All chemical structures were drawn using ChemBio office software. Full structure optimization was carried out using molecular mechanics and semiempirical packages in the HyperChem software. The optimization process was achieved through successive applications of molecular mechanics, semiempirical (PM6), Ab initio and DFT until the final gradient of the molecule was zero.
In calculating the semi-empirical parameters for the respective molecules, the charge of the molecule was set to zero while the spin multiplicity was unity. The convergence and iteration limits were set at 0.001 and 50 respectively. Topological parameters were calculated using the Chem Pro (a package in the ChemBio software) included molecular topological index (MTI), polar surface area (PSA), total connectivity (TC), total valence connectivity (TVC), Wiener index (WI), topological diameter (TD) and Balaban index (BI).
Muliken charges on the atoms were calculated using Ab initio and DFT levels of theory in the HyperChem software. The calculation were done using UHF spin pairing, STO3G* basic set, iteration limit of 50, converging limit of 1 × 10 −5 and spin multiplicity of 1 and 2 for 0 and + 1/− 1 charges respectively. All statistical analysis were performed using Excel package in the Microsoft office. Tables 1, 2 and 3 show calculated quantum chemical, topological and physicochemical descriptors for CBS, CBF, IFP, MTC and ICP insecticides respectively.
Results and discussions

Molecular descriptors
Molecular quantum chemical descriptors
Calculated quantum chemical parameters included the total energy (E T ), the electronic energy (E Elec ), the binding energy (E Bind ), the core-core repulsion energy (E CCR ), the heat of formation (H f ) the energy of the highest occupied molecular orbital (E HOMO ), the energy of the lowest unoccupied molecular orbital (E LUMO ), the energy gap (ΔE) and the dipole moment (µ). These parameters were calculated for PM3 (parameterized model 3), RM1 (Recife model 1), AM1 (Austin model 1), MNDO (Modified neglect of diatomic overlap) and CNDO (complete neglect of diatomic overlap) Hamiltonians. The use of quantum chemical parameters in predicting the reactivity or activity of a molecular species has been extensively documented with respect to corrosion inhibition, drugs activity, molecular reactivity, adsorption and other response properties (Musa et al. 2012; Usha et al. 2013; Borget et al. 2001) . The total molecular energy, electronic energy, core-core repulsion and binding energies of a molecule are indices that often correlate with molecular properties/activities. They express the readiness of a molecule to be subjected to chemical or physical changes based on its structure. In most cases, the reactivity of a molecules or envisaging activity increases with increase in these parameters. The frontier molecular energies of a molecule (which include the E HOMO , the E LUMO and the ΔE) are perhaps the most widely use and significant quantum chemical parameters that have shown promises in bridging the gap between experiment and theory (Table 4) . The E HOMO of a molecule indicates its tendency toward reactivity or adsorption. Therefore, the higher its value, the better is the extent of reactivity or adsorption. It is an index that represents the tendency of a molecule to donate electron while the E LUMO represent the tendency towards acceptance of electron (Ameh and Eddy 2016) . The ΔE is associated with the level of hardness or softness of molecular specie (Eddy and Ita 2011a) . Soft molecules are characterized by low energy gap and are more reactive than hard molecules which are characterized by large energy gap (Eddy et al. 2015) . The dipole moment, though a quantum chemical parameter, has not been fully explored in analyzing theoretical or experimental molecular data. This is because in some cases, activity increases with increasing value of µ and in others, it decreases with decreasing value of µ (Eddy and Ita 2011b).
Plots showing the variation of the calculated quantum chemical parameters with activity of the studied insecticides are presented in Fig. 1 . Correlation coefficients deduced from the plots are recorded in Table 5 . From the results presented, all the molecular quantum chemical parameters displayed positive correlation with the LD 50 values of the studied insecticides. Hence, the activity of these insecticides increases with increase in the molecular quantum chemical properties (also see Fig. 1 ). However, correlation between LD 50 values and dipole moment were extremely low (< 0.2) and is not presented in the Table. This confirms the uncertainty of using dipole moment in explaining the relationship between theory and experiment.
Molecular topological and physicochemical descriptors
Calculated molecular topological indices for the studied insecticides are presented in Table 3 . These include molecular topological index (MTI), polar surface area (PSA), total connectivity (TC), total valence connectivity (TVC), Wiener index (WI), topological diameter (TD) and Balaban index (BI). Molecular topological index (MTI) has been found to be strongly related to Wiener and connectivity indices and some physicochemical properties of molecules (Nikolić et al. 1993 ). On the other hand, polar surface area (PSA) is the surface sum over all polar atoms (which primarily include oxygen and nitrogen atoms and their attached nitrogen). This index, PSA, often shows excellent correlation with the adsorption of drugs (which operate through physical interaction of surface through electrostatic potential) in humans and some animals, (Prasanna and Doerksen 2009; Schaftenaa and de Vilieg 2012) . According to Kier and Hall (2002) , connectivity indices are related to the relative possibility of each bond in a molecule to have an encounter with other bond in the same molecule or in another neighbouring molecule during bimolecular collision. Connectivity indices (including total and valence connectivity) have been found to correlate excellently with properties of some molecules. For example, Wiener index (WI) has be reported to exhibit excellent correlation with the binding energy or absorption ability of most molecules (Garcia et al. 2005) . However, the Balaban index (BI), also called distance connectivity index is a topological indices, which is highly discriminatory because its value does not increase with the size of the molecule or number of ring (Todeschini and Consonni 2000) . Topological diameter (TD) is known to has a significant relationship with some molecular properties. For example, Gao et al. (2016) , reported that some molecular properties of anti cancer drugs correlate strongly with TD values, indicating their significant in QSAR. Table 6 present correlation coefficients between the calculated molecular topological parameters and LD 50 values of the studied insecticides. The results obtained revealed that LD 50 values of the insecticides increase as the topological indices increase. Best negative correlation was obtained for TC which suggests that the activity of the insecticidal molecules has some dependency on the tendency of the molecules to experience an encounter and impart on the target organism. Calculated physicochemical descriptors were logP, surface area (SA), surface volume (SV), hydration energy (E Hydr ), polarizability (PLZ) and refractivity (RFT). These parameters also correlated positively with LD 50 values of the insecticides as shown in Table 6 .
QSAR study
Quantitative structure activity relationship (QSAR) or quantitative property relationship (QSPR) is a powerful mathematical chemistry tool that can be applied to establish a relationship between suitable molecular descriptors and response molecular parameters. QSAR relies on the fact that the observed or expected activity of a molecule depends on its structure (Tanii 1994) . In this study, QSAR was carried out between LD 50 values of the insecticides and descriptors that exhibited best correlation coefficients. Examination of correlations between quantum chemical parameters and LD 50 values reveals that strong correlations existed for E LUMO and ΔE. Consequently, regression analysis between these correlated quantum chemical parameters and LD 50 values gave Eqs. 1-5 for PM3, RM1, AM1, MNDO and CNDO Hamiltonians, the studied insecticides, perfect correlations (R 2 = 1 and standard error = 0) were found to be associated with regression Eqs. 6-10 (for PM3, RM1, AM1, MNDO and CNDO Hamiltonians respectively).
Theoretical LD 50 values obtained from Eqs. 6-10 are also recorded in Table 6 . There is no significant difference between these values and those obtained from experiments (P > 0.5).
Regression of topological descriptors with LD 50 values yielded Eq. 11 while Eq. 12 was obtained for physicochemical descriptors.
Both regression equations gave perfect relation characterized with standard error of zero and R 2 values of 1 (Figs. 3,  4) . Calculated or predicted LD 50 values obtained from these equations are presented in Table 7 .
In statistical analysis, positive outcome becomes more reliable as the number of data or parameters increases. Therefore, all the perfectly regressed descriptors can be combined to derived single equation that relates the toxicological activity of the insecticides with the descriptors. Also, correlation between the experimental and theoretical LD 50 were perfect as shown in Fig. 5 . Calculated theoretical or predicted toxicological indices (i.e. LD 50 ) are also presented in Table 7 . The results of the analysis reveal that at 95% level of probability, there is no significant difference between the experimental and predicted LD 50 values.
Global reactivity
Global reactivity considers the activity of a molecule as a consequence of the contribution of its entire component. toxic is the insecticide. From Table 1 , it can be seen that CBF has the least value of LD 50 (46.4 mg/kg) while IFP has the highest value (4100 mg/kg). Therefore, CBF is the most toxic while IFP is the least toxic. Toxicity has strong correlation with reactivity. Therefore, that indices that measures reactivity are relevant in the estimation of degree of toxicity. From the calculated quantum chemical parameters (Table 2) , it can be seen that highest values of E T , E Elec , E Bind , E CCR and E HOMO were obtained for CBF (which is the most toxic insecticides), while least values were obtained for IFP (which is the least toxic). Similar trends were observed for some topological and physicochemical descriptors (Tables 3, 4) . Consequently, value of MTI, TVC, WI, TD and BI are highest for CBF but least for IFP. Also CBF had the highest values of SA, SV, PLZ and RFT while IFP had least values for the listed physicochemical parameters.
Ionization is the process involving loss of electron and the energy associated with the process is called ionization energy (IE). On the other hand, electron affinity (EA) is the opposite of ionization energy and refers to the energy required for a molecule to accept electron. Table 8 presents IE and EA of the studied insecticides. These values were 
where E N , E (N−1) and E (N+1) are the ground state energy of the N, N − 1 and N + 1 electron systems of the molecule. least. Consequently, the toxicity of the studied insecticides increases with increase in EA values, indicating that the reactivity of the studied insecticides is influenced by tendency towards donation and acceptance of electron between the insecticide and the target organism. Evidence abounds in using global softness and harness in predicting the reactivity of a molecule such as insecticide. Generally, global hardness is an inverse of global softness (S) and can be calculated from the following equations (Eddy 2011) , Correlation between S and LD 50 (R 2 = 0.9945) and between η and LD 50 (R 2 = 0.9347) were excellent. Therefore, the toxicity of the studied insecticides increases with increase in the values of S and η.
Local reactivity
Local reactivity approaches the reactivity of a molecule as a function of its constituent atoms or chemical bond. Local selectivity analysis can be achieved through the use of Fukui function. The Fukui function approaches reactivity through the transfer or donation of charge/electron. For an N-electron system, losing or gaining electron changes the system to N − 1 or N + 1 electron system. Therefore, there are three types of Fukui function corresponding to the nucleophilic Fukui function, f − , when it loses electron, the electrophilic Fukui function, f + when it gains electron and the average of the two, f 0 for radical attack. The finite difference approximation method, defines Fukui functions as follow (Eddy 2010) ,
where q N , q (N−1) and q (N+1) are the Muliken charges for N, N − 1 and N + 1 electron systems respectively. Huckel charges and condensed Fukui function (calculated for both DFT and Ab initio levels of theory) for CBS, CBF, IFP, MTC and ICP are presented in Tables 9, 10 , 11, 12 and 13.
In CBS, the site for electrophilic and nucleophilic attacks deduced from Ab initio and DFT Fukui functions are in the enol-thiocarbonyl bond, i.e. O(3)-C(1)-S(4) bond. Similar finding is revealed by the trend in values of the calculated Huckel charges for the atoms in the CBS molecule (Table 14) . It is also evident from the Huckel charges on atoms in CBS that the atom with the highest positive charge is C(1). Hence, the reaction center of CBS molecule is in C(1)-O(3) and C(1)-S(4) bonds. The HOMO of the molecule rest on the thiocarbonyl sulphur bond while the LUMO loop is concentrated around the benzene ring (Fig. 6) . The HOMO corresponds to anion while the LUMO correspond to cation. Although the Huckel charge on the enol oxygen atom, O(3) is more negative (− 0.481636) than that in the thiocarbonyl sulphur (− 0.346769), the presence of double bond between C(1) and S(4) preferentially places the HOMO loops on the sulphur atom. Also, the bond length between C(1) and S(4) is 2.212 Å while that of C(1)-O(3) is 1.904 Å. Therefore, the thiocarbonyl bond (which is unsaturated) is more prone to reaction than the enol bond. As a rule, shorter bond are less prone to chemical reaction than longer bond because the Columbic interaction increases with decrease in bond length. The total positive Huckel charge on the benzene carbon atoms is 0.512385 while the total negative charge is − 0.11949. This renders the benzene ring as a strong provider of carbo-cation due to excess of positive charge, explaining why the LUMO is preferentially attracted to the benzene ring. In CBF, both An initio and DFT levels of theory (Table 10) reveal that the nucleophilic Fukui function resides around the alkanes carbon 15 and 16 while the electrophilic Fukui function is domicile in the tetra hydrofuran ring [i.e. C(8) and C(9)]. The HOMO and LUMO diagrams of CBF (Fig. 6 ) also reveal that their respective negative and positive loops are concentrated on the benzene and tetra hydrofuran rings. The total positive Huckel charge on the benzene ring (0.38841) exceeded the total negative charge (− 0.15015) in the same ring. In the tetra hydrofuran ring, the corresponding sums of Huckel charges are 0.49858 and − 0.40359, respectively. Since these two rings are joined together, the pulled effect move the reactive site from the C(1) atom (which has the highest Huckel charge of 0.63959, among all the atoms) to the joined ring. In IFP, DFT and Ab initio models positioned the nucleophilic Fukui function at the alkane carbon atoms [C(12), C(13) and C (14)]. However, the DFT model proposed the site for electrophilic attack to be in the benzene ring, the Ab initio model relies on the same alkane atoms. In the context of comparative advantage, the DFT model is better than the Ab initio model because it incorporate electron-electron correlation. Therefore, the site propose by the DFT is upheld. Fortunately, the HOMO loops in IFP lies in the benzene ring for reasons explained for CBF while the LUMO loops are positioned in the benzene ring, the carbonyl and amide bonds. In MTC, the DFT model proposes the nucleophilic site to be between the alkane C(5) and the amide nitrogen, N(2) while the Ab initio model proposes the site to be in the thioether bond, C(9)-S(12). The Huckel charge on C(5) is greater than that on S(12). However, the HOMO loops rest on S(12) (Fig. 6 ). The C(9)-S(12) bond length is 2.225 Å while the C(5)-N(2) bond length is 1.841 Å. Therefore, C(9)-S(12) is the most likely site for nucleophilic attack. On the other hand, DFT model proposed the carboxyl functional group as the site for electrophilic attack with possibility for C(14), even as Ab initio support same. In ICP both DFT and Ab initio models propose the site for nucleophilic attack to be in the benzene ring while the site for electrophilic attack is the enolate oxygen, O(10) for DFT and the sulphur atom, S(12). The HOMO and LUMO of ICP (Fig. 6 ) resides in the benzene ring and in the carboxyl functional group. The results obtained in this study does not contradict evidences obtained and reported by other researchers for some insecticides, which confirm that the behavior of insecticides is strongly related to molecular descriptors, their chemical structures and electronic parameters (Vikas 2015; Can 2014; Karabunarliev et al. 1996; Pandith et al. 2010; Gomez-Jeria et al. 1995) . Figure 7 presents the chemical structures and IUPAC names of the predicted insecticides. From the forgone derived models, the descriptors that gave best approximated values of LD 50 were those associated with quantum chemical parameters as expressed by Eq. 7. Therefore, parameters of interest in estimating the LD 50 values of the proposed molecules are the MNDO total energy, the electronic energy, the binding energy and the heat of formation. The calculated parameters and the theoretical levels of toxicity are presented in Table 14 . From the results obtained, the predicted LD 50 values of 22MDM, 2MCPM, NMBH and 4MNMC are negative indicating that attempts to synthesize insecticides of these nature may not be feasible. However, the predicted toxicity of OMCP and 2MPMC are positive and relatively comparable to existing insecticides. OMCP in particular suggest a new product, that is less toxic than the existing ones.
Prediction of new molecules
Conclusion
The toxicity of m-tolyl acetate derived insecticides can be adequately modeled using molecular quantum chemical, molecular topological and physicochemical descriptors. Predicted results obtained from the various descriptors are closely comparable to the experimental values and displayed strong correlation. However, exact approximation is obtained from some quantum chemical parameters (namely, total energy, electronic energy, binding energy and heat of formation) under MNDO Hamiltonian. Toxicity of the studied insecticides is closely related to other molecular parameters such as ionization energy, electron affinity and global softness/hardness. The sites for electrophilic and nucleophilic attacks is expressly revealed through condensed Fukui function analysis and through the Huckel charges on the atom as well as in the HOMO/LUMO diagrams. 
